Abstract-Robotics has yet become an advanced and reliable technology widely deployed in practical application of power transmission lines inspection for the purpose of stretching the reach of the lineman's arm and eyes. However, as in some hostile environments, excellent climbing performance and maneuverability remain as the greatest challenges and always can't be achieved simultaneously for the existing inspection robots. To overcome the problem, this paper presents a novel bionic robot mechanism on the basis of imitating human beings climb up the tree. After a brief introduction of environment features and motion requirements, the climbing motion of human beings is studied and the mechanical design of robot is accomplished. And then the kinematics equations are deduced, the force conditions are discussed and optimized. Furthermore, the motion sequences of negotiating two kind of typical obstacles are planned. Finally, some simulation has been carried out and the simulation results show that the mechanism can achieved the expected goals.
remote control robot named LineROVer [1] and a kind of multifunction inspection robot named LineScout [2] in 15 years. The robot LineROVer is quite capable of inspection, maintenance, de-icing of power transmission lines, but does not have the power to negotiate obstacles and can only work in one span between two towers. The robot LineScout consists of wheel frame, gripper frame, center frame and a modular arm and can negotiate obstacles found on the lines and achieve the functions of inspection and maintenance on high voltage live lines. However, the weight and volume of the robot is too large for field application. The robot Expliner [3] , developed by HiBot Corporation and Tokyo Institute of Technology, involves four parts: two motion units, one manipulator, one base and one counter-weight and can work well on energized transmission lines of 500kV by negotiating obstacles in acrobatic modes. It is very suitable for four-splitting lines, but difficult for practical application on single lines. Researchers, coming from Wuhan University, has proposed a kind of module reconfigurable mobile robot that can accomplish various kinds of tasks, such as installing and removing fittings, repairing broken lines, de-icing and inspecting [4] [5] [6] . The design concept is considerable and instructive, though it is not satisfactory for controlling the complex robot mechanism with too much joints. The other studies at Shenyang Institute of Automation of the Chinese Academy of Science, Hunan University and Shanghai University have put emphasis on field application robot, de-icing robot and autonomous inspection robot respectively [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . Some achievements are created in their progress of research, but the robots still have such disadvantages as poor climbing performance, bad reliability and complex motion sequences when negotiating obstacles.
Mechanism design is still the foundation for inspection robot on high voltage power transmission lines. For this reason, a novel bionic robot mechanism, which has excellent locomotion and navigation performance, has been proposed to resolve the aforementioned problems. This paper is organized as follows: Section II describes the background of the robot including environment features and motion requirements. Section III covers the mechanical design of the robot, then the kinematics and force condition analysis will be settled in Section IV. Motion analysis is completed in Section V and simulation is provided in Section VI. Finally, Section VII gives a conclusion for our work.
II. ENVIRONMENT FEATURES AND MOTION REQUIREMENTS

A. Environment Features
The environment of power transmission lines is quite complicated including such fittings as straight line towers, power transmission lines, suspension clamps, vibration dampers and insulator strings, as shown in Fig. 1 . According
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Proceedings of the 2016 IEEE International Conference on Robotics and Biomimetics Qingdao, China, December 3-7, 2016 to size and complexity the obstacles can be divided into two categories. Compression splices and vibration dampers are the small obstacles and easy to negotiate. Suspension clamps and insulator strings are large obstacles and difficult to overcome. Besides, power network deployed in some special areas may result in long-span and large inclined slope on power transmission lines. For the field inspection application, the robot should have the ability to overcome the complex environment.
B. Motion Requirements
For the field inspection application, the robot should have the ability to overcome the obstacles and large slopes on the line, so the following requirements should be satisfied:  Light weight and compact structure.
III. MECHANICAL DESIGN OF ROBOT
The requirements mentioned above increase the difficulty of solution-finding to some extent and potentially result in a complex mechanism for the inspection robot. Just as a large proportion of the field of robotics, it is a good choice to study the bionic principles and replicate what nature can already do. For this reason, we take inspiration from the human being to accomplish the robot's design. Human beings are good at climbing on the tree, as shown in Fig. 2 . They can move flexibly on the trunk by making good use of their arms and legs and navigate obstacles, which are always large branches and extend from the trunk. The human being passes the branches from the side or from above and it mainly depends on the size and shape of the branch. When the branches are too large to get through from above, human beings can only swing the arms and legs to avoid the obstacles from the side. The powerful arms and legs with many joints, for instance, revolute joints respectively for wrist, elbow, ankle and knee, play a key role during the climbing process. Hence, the inspection robot can be designed to meet the whole requirements by imitating the actions of human beings.
The biomimetic inspection robot is shown in Fig. 3 . The robot is a novel tele-operated mobile robot applied on the power transmission lines of 500kV and composed of two traction arm assemblies, two dexterous arm assemblies and an electrical control cabinet. The right arm is more flexible than the left and the arm is more flexible than the leg in general, although they have the same joint structure. The differences between the arm and leg can be ignored on account of simplifying the robot mechanism and satisfying the above requirements. For this reason, the whole arms can be divided into left arms and right arms, which respectively represent the traction arm assemblies and the dexterous arm assemblies. The robot can keep good stability in the process of negotiating obstacles and it's no need to adjust the centroid of the robot due to the specific four arm structure. The robot only has six active motion joints to control and cooperation with each other, therefore the control system will be simple and easy to run.
A. Traction Arm Assembly
The traction arm (Fig. 4) is one of the primary assemblies and provides power for the robot. The arm with certain length consists of a brace, a support frame, a drive wheel, a planetary reducer, a pair of worm gears, a revolute joint and two servo motors. One of the servo motors is attached to the worm gears and the other one is attached to the planetary reducer to drive the traction wheel. The revolute joint is applied to avoid large obstacles by rotating to the side when the robot encounters some large obstacles, for instance, the suspension clamps. Since the traction arm has adopted the wheel-arm structure, 
B. Dexterous Arm Assembly
The dexterous arm (Fig. 5) is the key component used to make the robot change its gestures, negotiate obstacles and improve its force condition and gradeability. The arm is composed of a support frame, an H-shape brace, a prismatic joint, two linear guides, a pair of gears, three passive wheels, two torsion spring and two passive revolute joints. 
C. Electrical Control Cabinet
The electrical control cabinet is designed to be the foundation of the whole arms and the vessel of the control system and inspection devices. It should keep large load capacity and light weight and meet the strength requirement in the meantime.
IV. KINEMATICS AND FORCE CONDITION ANALYSIS
A. Kinematics
The robot mechanism should change its configurations to negotiate obstacles when the obstacles are right in the way. The sketch of the robot mechanism is shown in Fig. 6 . In view of the wheels stay relatively stationary to their centroid all the time, the freedoms of the wheels should be neglected in the kinematics analysis. Hence, the mechanism has 8 joints in total, where the two joints (Fig. 6(1, 2) ) are prismatic joints and the other joints are revolute joints. What is more, only four joints (Fig. 6(1, 2, 5, 6) ) are active and the other joints are passive. The active joints are deployed on four arms and each arm has one active joint, so they are independent of each other. The prismatic joints are applied to make a choice which of the passive wheels contacts with the line and offer a proper clamping force when needed. The active revolute joints are used for avoiding large obstacles by turning the arms to the side. Moreover, the passive joints can swing to a proper position according to the external environment. 
The coordinate system of the robot is established as shown in Fig. 7 and the link parameters of the traction wheel and 
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where cθ = cos θ, sθ = sin θ, a2 = l5, a3 = −l6, d4 = l7, a5 = l8, d7 = l10, d8=l11. In order to calculate conveniently, the kinematics of the mechanism can be derived by matrix multiplication of the individual matrixes. Fig. 8 Force condition of the mechanism As shown in Fig. 8 , two traction arms are generally the supporting points and the passive wheels keep detached from the lines. In this case, the support forces of two traction arms are formulated as follows.
B. Force Condition
From the final equation (8), we find out that the support forces of traction arms are always different. To eliminate the difference and make sure the two servo motors produce the same torque output, some optimization methods should be employed. To improve the robot force condition, force compensation may be a good choice, as shown in Fig. 9 . The first method ( Fig. 9(a) ) is single arm compensation and simple, but the second method (Fig. 9(b) ) is complex and need cooperation of two dexterous arms.
C. Force Condition Optimization
According to the force compensation method, the clamping force between the rear dexterous arm and the line can be given by (9) and the relationship between the rear and fore compensation force is formulated by (10) . According to the work environment features, suspension clamps represent the most challenging obstacles found on the line for the bionic robot. As a typical model of obstacle negotiation, the process of overcoming the suspension clamp is planned, as shown in Fig. 10 , and the detailed descriptions are given as follows:
(g) (h) Fig. 10 Obstacle-negotiation process of the robot (a) The robot travels along the line and slows down to prepare to negotiate when the obstacle was found in the way. Since the passive revolute joint can adjust automatically, the robot goes forward directly.
(b) The robot stops and begins to change its gesture by retracting the fore dexterous arm when the fore traction arm gets close to the obstacle.
(c) Then, the fore traction arm turns to the side and the robot moves on.
(d) The initial state of the robot is restored until the fore traction arm has passed the clamp.
(e) When the rear traction arm approaches the clamp the rear dexterous arm retracts to create a proper gesture of the robot and avoid the obstacle.
(f) Next, the rear traction arm turns to the side and the robot moves on until passing the clamp.
(g) The rear traction arm turns back and the robot achieves its initial state.
(h) Finally, the robot accomplishes the obstacle negotiation process by means of keeping going forward.
VI. SIMULATION
As mentioned above, the fore and rear arms of the robot negotiate the suspension clamp with similar locomotion. Therefore, the fore arms are simulated to illustrate that the robot mechanism is qualified to fulfill the inspection task. The three times interpolation polynomial method is used to plan the joint velocity and the parameters of the main locomotion units are shown in Table III.   TABLE III.  THE PARAMETERS We put the results of joint velocity planning into Adams and get the displacement curve of the fore arms, as shown in Fig. 11 . To check out the gradeability of the robot, the clamping force between the rear dexterous arm and the line is set to be  200N, 225N, 250N, 275N, 300N, 325N, 350N, 375N and 400N respectively. The clamping force between the fore dexterous arm and the line is accordingly adapted to keep the compensation relationship as mentioned above. For the solid model, the gravity of the robot is equal to 441.6N, and the coefficient of friction between the wheels and the line are equal to 0.6 and 0.35 respectively. The relationship between the clamping force and the gradeability of the robot can be calculated in Matlab and checked out in Adams. Finally, the results is shown in Fig. 12 . Fig .12 The gradeability of the robot
VII. CONCLUSION
In this paper, we have introduce a novel bionic inspection robot mechanism that has such characteristics as robust maneuverability and adaptability, great gradeability and good obstacle-negotiating performance. The robot with four arms can move on high voltage power transmission lines smoothly and negotiate obstacles without centroid adjustment and linesearching. Besides, the robot only has six active joint and the arms are independent from each other, which will be very beneficial to simplify the control system. The simulation results make clear that this robot mechanism can adapt the hostile environment and is suited to power transmission line inspection.
In the future, the analysis of robot dynamics should be done. The prototype of the robot will be developed and fabricated. Some experiments will be carried out to test the robot's practical performance.
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